Most neutralizing antibodies against highly pathogenic avian influenza A virus H5N1 recognize the receptor-binding site (RBS) on the globular head domain and the stem of H5N1 hemagglutinin (HA). Through comprehensive analysis of multiple human protective antibodies, we previously identified four vulnerable sites (VS1-VS4) on the globular head domain. Among them, the VS1, occupying the opposite side of the RBS on the same HA, was defined by the epitope of antibody 65C6. In this study, we report the crystal structures of two additional human H5N1 antibodies isolated from H5N1-infected individuals, 3C11 and AVFluIgG01, bound to the head at 2.33-and 2.30-Å resolution, respectively. These two new antibody epitopes have large overlap with and extend beyond the original VS1. Site-directed mutagenesis experiments identified eight pivotal residues (Ser-126b, Lys-165, Arg-166, Ser-167, Tyr-168 , Asn-169, Thr-171, and Asn-172) critical for 65C6-, 3C11-, and AVFluIgG01-binding and neutralization activities. These residues formed a unique "Y"-shaped surface on H5N1 globular head and are highly conserved among H5N1 viruses. Our results further support the existence of a vulnerable site distinct from the RBS and the stem region of H5N1 HA, and future design of immunogens should take this particular site into consideration.
Most neutralizing antibodies against highly pathogenic avian influenza A virus H5N1 recognize the receptor-binding site (RBS) on the globular head domain and the stem of H5N1 hemagglutinin (HA). Through comprehensive analysis of multiple human protective antibodies, we previously identified four vulnerable sites (VS1-VS4) on the globular head domain.
Among them, the VS1, occupying the opposite side of the RBS on the same HA, was defined by the epitope of antibody 65C6. In this study, we report the crystal structures of two additional human H5N1 antibodies isolated from H5N1-infected individuals, 3C11 and AVFluIgG01, bound to the head at 2.33-and 2.30-Å resolution, respectively. These two new antibody epitopes have large overlap with and extend beyond the original VS1. Site-directed mutagenesis experiments identified eight pivotal residues (Ser-126b, Lys-165, Arg-166, Ser-167, Tyr-168, Asn-169, Thr-171, and Asn-172) critical for 65C6-, 3C11-, and AVFluIgG01-binding and neutralization activities. These residues formed a unique "Y"-shaped surface on H5N1 globular head and are highly conserved among H5N1 viruses. Our results further support the existence of a vulnerable site distinct from the RBS and the stem region of H5N1 HA, and future design of immunogens should take this particular site into consideration.
The highly pathogenic avian influenza A virus H5N1, which is highly infectious and deadly for poultry, continues to disseminate across the globe and imposes a significant public health and economic burden on human society. The H5N1 virus was initially detected from geese in the Guangdong province of China in 1996. One year later, it emerged in humans in Hong Kong and re-emerged in Mainland China in 2003 (1) (2) (3) . Close contact with infected fowls causes human H5N1 infections, and the patients demonstrate symptoms including fever, cough, headache, breathing problems, pneumonia, and even death. Until January 2019, 860 cases of H5N1 infection have been officially reported to the World Health Organization from 16 countries with the case-fatality rate among infected human estimated to be as high as 52% (https://www.who.int/influenza/human_animal_ interface/2019_01_21_tableH5N1.pdf?uaϭ1, January 19, 2019). 4 Moreover, only four amino acid substitutions in the hemagglutinin (HA) 5 and one in the polymerase basic protein 2 appeared to be sufficient to generate airborne-transmitted variant in the ferret model (4) . Also, another group reported that a reassortant virus with H5 HA obtaining four amino acid mutations from a 2009 pandemic H1N1 virus could be transmitted in the ferret model (5) . The success of H5N1 virus in crossing species barrier from poultry to humans and its potential transmission between mammals imply the possibility of a H5N1 pandemic by rapid antigenic drift and shift through mutations and reassortment with other human epidemic strains.
Glycoprotein HA on the surface of influenza virus is responsible for recognizing the target cell through binding to the cel-lular receptor sialic acid and facilitating the entry of the viral genome into the target cell by mediating the fusion process of viral and host membranes. HA is encoded by the fourth segment of the viral genome and is produced as a homotrimeric precursor (HA0). In the viral life cycle, the cleavage of HA0 by protease from host cells into HA1 and HA2 subunits is critical for viral infection (6) . The HA1 subunit binds to cellular receptor sialic acid, and the HA2 subunit mediates the subsequent membrane fusion process. The HA1 subunit is structurally characterized by the membrane-distal globular head domain containing the receptor-binding site (RBS), and the HA2 subunit is characterized by the membrane-proximal stem region (7) .
HA is also a major target of neutralizing antibodies that prevent viral infection and slow disease progression (8, 9) . Most highly potent neutralizing antibodies elicited by viral infection and vaccine immunization are against the globular head domain of HA1. Their epitope residues on HA1 are highly variable, and these antibodies are in general strain-or clade-specific (10, 11) . In contrast, antibodies against the relatively conserved stem region in HA2 usually exhibit broad neutralizing breadth. Some of these stem-specific antibodies are highly potent, but they are rare compared with those against the head domain (12) (13) (14) (15) . Previous studies have defined five antigenic sites on the head domain for HAs from several subtypes, namely Sa, Sb, Ca1, Ca2, and Cb for H1 and sites A-E for H3 (16 -18) . We recently defined four vulnerable sites (VS1-VS4) on the head domain for H5 HA by investigating the epitopes of potent neutralizing antibodies 65C6, 100F4, and AVFluIgG03 (19, 20) . These three antibodies, together with 3C11 and AVFluIgG01 studied here, were initially isolated from two patients (65C6, 100F4, and 3C11 from SZ06 patient and AVFluIgG03 and AVFluIgG01 from AH06 patient) who survived H5N1 infection in China (21) (22) (23) .
Our previous study showed that during natural H5N1 infection, neutralizing antibodies recognizing the globular head domain played a dominant role in protective humoral immunity because the convalescent sera from patients contain high levels of neutralizing antibodies against the globular head domain rather than the stem region (19). It also indicated the existence of relatively conserved sites apart from the highly variable RBS. Identification of a highly conserved VS1 on the globular head is such an example. As shown previously, VS1 occupies the opposite side of the RBS, whereas VS2 corresponds to the RBS on the globular head domain (19) . In this study, we further characterized the VS1 by structural and functional analysis of two additional human H5N1-neutralizing antibodies, 3C11 and AVFluIgG01, targeting the VS1. The epitopes of 3C11 and AVFluIgG01 significantly overlapped with the epitope of 65C6 and further extended beyond the original VS1. We further identified eight pivotal residues within the VS1 critical for antibody binding and neutralization. These residues constituted a unique Y-shaped surface within the VS1 and are highly conserved among 3758 full-length H5N1 HA sequences available in the current NCBI database. Taken together, these results further support the existence of an underappreciated vulnerable site distinct from the RBS and the stem region of H5N1 HA, and future efforts in designing immunogens should take this particular site into consideration.
Results

Crystal structures of 3C11 and AVFluIgG01 bound to the globular head of HA
We reported previously that 3C11, 65C6, and AVFluIgG01 shared a similar neutralization profile against a panel of H5N1 pseudoviruses as mutations at a similar set of residues led to a similar trend of decrease in their neutralizing potencies (19). We also determined the crystal structure of one (65C6) of the antibodies complexed with the globular head of HA at a resolution of 3.0 Å and found that 65C6 recognized an epitope located on the back of the RBS (19). To precisely determine the epitope specificity of 3C11 and AVFluIgG01, we further obtained the complexes of the globular head of HA with the Fabs of 3C11 and AVFluIgG01 and determined their structures at resolutions of 2.33 and 2.30 Å, respectively ( Table 1) (hkl) where N is the redundancy of the data set. c CC 1/2 is the correlation coefficient of the half data sets. d R work ϭ ͚ hkl ʈF obs ͉ Ϫ ͉F calc ʈ/͚ hkl ͉F obs ͉ where F obs and F calc are the observed and the calculated structure factors, respectively. R free is the cross-validation R factor for the test set of reflections (5% of the total) omitted in model refinement.
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1/2005 HA bound to the Fab of AVFluIgG01, respectively. We superimposed these two complexes onto the HA trimer of A/Anhui/1/2005 virus together with the previously reported complex of the HA globular head bound to the 65C6 Fab ( Fig. 1 , C-F). 3C11, AVFluIgG01, and 65C6 were found to share similar epitope specificity ( Fig. 1 , D-F), confirming their similar neutralization profile against the panel of H5N1 pseudoviruses (19). Their epitopes are located on the back of the RBS on the same HA monomer, near the membrane-distal end of the HA spike ( Fig. 1 , D-F).
Like 65C6, the heavy chain of 3C11 dominates the binding to the globular head by contributing ϳ85% of the buried surface on the antibody paratope. The 3C11 epitope included 19 residues from the 120 loop, 160 ␤-strand, 200 loop, and 240 ␤-strand of the globular head (Table S1 ). Also similar to 65C6, the long HCDR3 loop of 3C11 stretched parallel with the 120 loop (Ile-121-Asp-129) and the 160 ␤-strand (Pro-162-Asn-172) of the globular head ( Fig. 2A) . The hydrogen-bonding interactions involved Tyr-103 and Gly-105 of the HCDR3 and Ser-167, Tyr-168, Asn-169, and Thr-171 of the 160 ␤-strand ( Fig. 2A ). Additional hydrophilic interactions such as the salt bridge formed between Asp-52 and Asp-55 of the HCDR2 and Lys-165 of the 160 ␤-strand ( Fig. 2A ) and the hydrogen bonds formed between Tyr-33 of the HCDR1 and Lys-165 of the 160 ␤-strand were also identified ( Fig. 2A) . Besides, Phe-29 and Pro-30 of the HCDR1 interacted with Ala-242 and Asn-244 of the 240 ␤-strand mainly through van der Waals contacts (Fig.  2B ). In contrast, the 3C11 light chain made a few contacts with the head domain through one hydrogen bond involving His-31 of the LCDR1 and Ser-128 of the 120 loop ( Fig. 2B) .
In contrast to 65C6 and 3C11, AVFluIgG01 utilized all six CDR loops for the binding to the 120 loop, 160 ␤-strand, and 240 ␤-strand of the head domain (Fig. 2, C and D) . Such binding buried an 823-Å 2 surface on the globular head domain, and 628-and 298-Å 2 surfaces on the heavy and light chains of AVFluIgG01, respectively. The interface consisted of 19 residues from the head domain and 17 residues from AVFluIgG01 (Table S1 ). The HCDR1 and HCDR2 contacted the N-terminal part of the 160 ␤-strand ( Fig. 2C ). Specifically, residues Asn-29 and Ser-30 of the HCDR1 formed hydrogen bonds with Lys-165 and Ser-167 of the 160 ␤-strand, respectively ( Fig. 2C ). Residue Asp-52 of the HCDR2 interacted with Arg-166 through a salt bridge and with Lys-165 through a hydrogen bond ( Fig. 2C ). Furthermore, the HCDR3 and LCDR2 were close to the extending loop downstream of the 160 ␤-strand, enabling the HCDR3 Gly-100 and the LCDR2 Lys-53 to form hydrogen-bond interactions with Thr-171 and Asn-172, respectively (Fig. 2C ). In addition, the HCDR1 made a few contacts with the 240 ␤-strand through one hydrogen bond involving Ser-30 of the HCDR1 and Asn-244 of the 240 ␤-strand (Fig. 2D ). The 
Sequence and structural definition of a vulnerable site on the HA globular head recognized by 3C11, AVFluIgG01, and 65C6
We have previously defined four vulnerable sites (VS1-VS4) on the H5N1 HA globular head based on crystal structures of four individual globular head and antibody complexes (65C6, 100F4, AVFluIgG03, and H5M9) as well as published epitope sequences of both human and mouse origins (19) . Although the core of VS1 is represented by the 65C6 epitope, the external boundary of the VS1 was less clear. With the atomic structural information on the epitopes of 3C11 and AVFluIgG01, we could now be more precise in defining the sequence and spatial borderline of VS1 based on the three structures. Sequence analysis showed that the epitopes were largely located in two segments, one from Gln-122 to His-130 in the 120 loop and the other from Pro-162 to Glu-174 in the 160 ␤-strand (19) (Fig.  3A ). In addition, whereas Asn-244 was a common residue recognized by all three antibodies, Phe-245 and Glu-246 were only recognized by 65C6, and Gly-205 to Ser-207 and Ala-242 were only recognized by 3C11 ( Fig. 3A) . Structurally speaking, the footprints of all three antibodies fit well with the previously defined VS1 (Fig. 3B ). However, their structural superimposition further expanded VS1 beyond its original boundary with addition of the Ala-242-Glu-246 patch, forming an extended VS1 (Fig. 3C ). In broad terms, the VS1 would correspond to Sa on the H1 and Site A on the H3, but clear differences existed among the three groups ( Fig. 3D and Table S2 ) (16 -19) . For example, Glu-156 -Ser-160 of H1 Sa, Gln-132-Ala-138 and Gly-142-Gly-146 of H3 Site A were not present in the VS1 of H5 ( Fig. 3D ). Conversely, the newly extended Ala-242-Glu-246 in the VS1 of H5 was not covered in the H1 Sa and H3 Site A (Fig. 3D) .
Validation of the VS1 by mutagenesis
To study the impact of residues within the VS1 on antibody binding and neutralization, we generated a series of 26 single mutations on the interface of A/Anhui/1/2005 HA. Pseudoviruses bearing those mutations were then subjected to neutralization by 3C11, AVFluIgG01, and 65C6. As expected, different mutations resulted in different degrees of changes to antibody neutralization (Table 2A) . For example, although the other 25 mutations had minimal effect on 65C6 neutralization, the K165D mutation increased its IC 50 by 570-fold (Table 2A ). In contrast, 11 (P125A, S126bF, S126bY, K165A, K165D, R166E, Y168A, Y168H, N169A, T171A, and N172A) of the 26 mutations severely compromised 3C11 neutralization, suggesting that 3C11 was much less tolerant of mutations than 65C6 (Table 2A) . AVFluIgG01, however, was situated in between 65C6 and 3C11 in response to mutations. There were only five mutants (S126bF, S126bY, R166A, R166V, and R166E) capable of abolishing AVFluIgG01 neutralization, whereas the remaining 21 residues remained either minimally changed or moderately sensitive (Table 2A) . Furthermore, such changes in antibody neutralizing activities were found to correlate with their reduced binding measured by biolayer interferometry assay (Table 2B and Fig. S1 ). Taken together, these results clearly validated the critical role of residues within the VS1 on antibody neutralization and supported the definition of the VS1 as one of the targets for neutralizing antibodies.
We further validated the critical role of residues within the VS1 by converting the resistant strains to sensitive strains. For instance, A/chicken/Vietnam/NCVD-03/2008 and A/chicken/ Vietnam/NCVD-016/2008 in clade 7.1 were fully resistant to 3C11, AVFluIgG01, and 65C6, and eight residue differences were found within the VS1 from the other clades ( Fig. S2) (19) . These eight residues included Lys-122 and Tyr-126b in the 120 loop; Pro-163, Val-166, Asn-167, and Thr-169 in the 160 ␤-strand; and Ser-242 and Asp-246 in the 240 ␤-strand (Fig.  S2 ). Mutating 2, 4, 6, or 8 of these residues to those of sensitive strain A/Anhui/1/2005 successfully transformed A/chicken/ Vietnam/NCVD-016/2008 into a neutralization-sensitive strain, although different mutations or combination thereof resulted in different degrees of sensitivity. For example, although all of the mutant viruses became sensitive to 65C6, those with a larger number of mutations tended to be more sensitive (Fig. 4) . The IC 50 of 65C6 was about 5.50 g/ml against the pseudovirus with two mutations (K122Q and Y126bS) in the 120 loop, whereas the IC 50 decreased to 0.018 g/ml against the pseudovirus with all eight mutations, equivalent to that toward the sensitive strain A/Anhui/1/2005 ( Fig. 4) . In contrast, only the virus with all eight mutations became sensitive to 3C11 and AVFluIgG01, whereas the virus with six mutations became sensitive to only AVFluIgG01 (Fig. 4) . These results further confirmed the critical role of residues within the VS1 for the recognition of the three antibodies.
Pivotal residues form a Y shape within the VS1
To further pinpoint the critical residues within the VS1 for antibody neutralization, we analyzed the mutations resulting in at least 5-fold reduction in IC 50 for at least two of the three antibodies 3C11, AVFluIgG01, and 65C6 (Table 2A) . A total of eight residues met this criterion, namely Ser-126b, Lys-165, Arg-166, Ser-167, Tyr-168, Asn-169, Thr-171, and Asn-172, and they formed a continuous Y-shaped region on the surface within the VS1 (Fig. 5 ). As shown in Table 2A , Lys-165 mutation dramatically reduced neutralization activity of all three antibodies, whereas the remaining seven mutations also had a profound but variable impact depending on the specific antibody. In addition, analysis of 3758 full-length H5N1 HA sequences available in the current NCBI database further demonstrated that the VS1 was well conserved in H5N1 subtype and revealed an exceptionally high degree of conservation of the eight residues ( Table 3 ). Six of the eight residues (Ser-126b, Lys-165, Tyr-168, Asn-169, Thr-171, and Asn-172) demonstrated more than 93.7% identity, whereas Arg-166 and Lys-166 demonstrated up to 90.2% identity, and even the most divergent, Ser-167, showed up to 76.3% identity (Table 3) . Variable neutralization potency and breadth observed for 3C11, AVFlu- Table 2 The
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comparison of neutralization potency (A) and binding affinity (B) of the three antibodies with wild-type and mutant A/Anhui/1/2005 H5N1 pseudoviruses and HA globular head
IgG01, and 65C6 could therefore be partially explained by the degree of conservation in critical residues for three antibodies, respectively (Table 2A and Table 3 ). Taken together, in view of the vulnerability and conservation, the eight conserved residues within the VS1 formed a Y-shaped region and represent the key targets for neutralization of this class of antibodies ( Fig. 5 ).
Discussion
The zoonotic transmission of H5N1 virus to humans and potential human to human transmission remain a major public health threat as the case-fatality rate could be as high as 52% in humans. Understanding the epitopes and mechanisms of human neutralizing antibodies against H5N1 virus is an important step for the development of antibody therapies and structure-based vaccine design. Through comprehensive analysis of multiple human and mouse antibodies, we previously defined four vulnerable sites (VS1-VS4) on the globular head domain of H5N1 HA. In particular, the VS1 is located on the back of RBS and recognized by the representative antibody 65C6 isolated from H5N1-infected patients (19) . In this study, we expanded the boundary of VS1 by determining the complex structures of the H5 globular head domain bound with two additional human neutralizing antibodies, 3C11 and AVFlu-IgG01. This result was further validated by site-directed mutagenesis and pseudovirus-based neutralization assays. Furthermore, within the VS1, we identified eight pivotal residues forming a Y-shaped surface critical for the recognition of targeting antibodies. These eight positions (Ser-126b, Lys-165, Arg-166, Ser-167, Tyr-168, Asn-169, Thr-171, and Asn-172) are highly conserved among H5N1 HAs available in the NCBI database. We believe we have identified a major vulnerable site distinct from the RBS and the stem of the HA. Such finding should provide us with a better and deeper understanding of the protective antibody immune response in humans as well as for the development of antibody-based interventions against H5N1 infection.
For this particular VS1, there are currently a total of four crystal structures resolved for four different antibody and antigen complexes, of which three (65C6, 3C11, and AVFluIgG01) are from our laboratories, whereas the remaining structure (FLD194) is from Xiong et al. (24) in the United Kingdom. It needs to be emphasized that despite their similarity in epitope footprint, their neutralizing activities vary considerably, perhaps due to their different angles and orientations approaching their epitopes and/or potential spatial interference with the neighboring RBS for receptor binding. For instance, among our 
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three VS1-specific antibodies, 65C6 demonstrated the strongest and broadest activity, whereas AVFluIgG01 was the next strongest, and 3C11 was the weakest (19). FLD194 reported by Xiong et al. (24) was capable of neutralizing 13 tested pseudoviruses with an IC 90 of 0.031 g/ml. X-ray crystallography revealed that the epitope of FLD194 fell into our defined VS1 and recognized six of the eight pivotal residues identified in the current study (24) (Table 4 ). More importantly, head to head comparison among the four structure complexes revealed distinct differences among the four antibodies in their angles and orientations when approaching the HA trimer, resulting in varying levels of shielding of the RBS in the neighboring HA monomer (Fig. 6 ). For example, FLD194 bound to the contacting HA monomer in a nearly vertical direction and appeared not to block the RBS in the neighboring HA monomer (Fig. 6) . Similarly, AVFluIgG01 and 65C6 approached HA like FLD194 and had limited interference with the RBS in the neighboring HA (Fig. 6) . The angle and orientation of 3C11 approaching the HA, however, were significantly different from those of FLD194, AVFluIgG01, and 65C6 and resulted in extensive contact with the neighboring RBS (Fig. 6 ). However, the binding angle and orientation in potential interference with RBS could not fully explain the apparent differences in antibody neutralization. The most severe interference in RBS presumably came from 3C11, and yet its neutralizing activity was the weakest among the antibodies tested. In contrast, 65C6 demonstrated less interference in RBS but had the strongest and broadest neutralizing activity. These results indicated that antibodies targeting the VS1 must exert their neutralizing activity through other and different mechanisms in addition to receptor binding interference. Actually, we previously reported that antibody 65C6 exhibited weak inhibition of virus attachment to host cells and dramatically blocked low pH-triggered and HAmediated fusion steps after attachment (25) . Antibody AVFluIgG01 also inhibited both viral attachment and fusion steps after attachment (26) . Antibody FLD194 neutralized viruses through block of receptor binding, shielding HAs from cellular receptor sialic acid by the Fc regions. EM micrographs revealed that FLD194 bound between two neighboring HAs, cross-linking them and forming a thick IgG layer, which restricted the attachment of the virus to cellular receptors (24) . The neutralization mechanism of 3C11 has not been experimentally studied. Structural analysis revealed that a steric clash existed for receptor binding of 3C11 as the Fab inclined to the adjacent HA monomer, thereby shielding the RBS region and presumably blocking the binding of the sialic acid receptor. Therefore, we speculate that 3C11 may block receptor binding. Whether it is able to inhibit the postattachment fusion steps like 65C6 and AVFluIgG01 needs to be clarified in the future.
The VS1 defined by investigating human H5N1 antibodies could be further expanded to H1N1 and H3N2 influenza viruses (19, 24, 27-36) ( Table 4 ). For example, a recent study by Raymond et al. (35) reported a human clonal lineage antibody, CL6649, that recognized a panel of H1 HAs from strains isolated from 1977 to 2009. The epitope determined by the footprint of antibody Ab6649 pointed to the "lateral patch" of the H1 HA, including three regions (Glu-122-Asn-129, Ser-165-Glu-173, and Gly-240 -Thr-242) that substantially overlapped with our defined VS1 (35) (Table 4 ). Meanwhile, these regions were almost invariant in human H1 isolates between 1977 and 2012 (35) . Crystal structure determination revealed that another H1N1 human antibody, 2D1, also recognized epitopes corresponding to VS1 of H5 HA (34) . Furthermore, an H3N2 human antibody D1-8 exhibited excellent neutralization potencies and breadth and could neutralize all tested representative influenza H3N2 virus strains with an average IC 50 of 0.18 g/ml (36) . The escape mutants selected indicated that D1-8 targeted the conserved sites on H3N2 HA that also corresponded to the VS1 of H5 HA (36) ( Table 4 ). Taken together, our study independently defines a conserved VS1 on the H5 HA that also exists in the H1 and H3 subtypes. The broad accessibility of the VS1 among highly pathogenic and seasonal influenza viruses highlights its distinction from the classical RBS and stem targets in the HA, and therefore, it represents a novel and potential target for developing antibody-based therapies and rational design of vaccines against influenza A virus in the future.
Experimental procedures
Monoclonal antibodies
Antibodies 65C6 and 3C11 were isolated from the SZ06 patient infected by H5N1 viruses. The SZ06 patient recovered by receiving convalescent serum of the AH06 patient, who also survived the H5N1 virus infection (22) . Antibody AVFluIgG01 was isolated from an antibody phage library constructed from the recovered AH06 patient (23). 
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Both the variable heavy and light chain genes of each antibody were obtained by PCR and separately inserted into the expression vectors with the constant regions of human IgG1 (37) . The whole human IgG1 was expressed in 293T cells obtained from ATCC (American Type Culture Collection) by transient transfection. Antibodies expressed in cell supernatant were purified by affinity chromatography using protein A beads (Pierce, Thermo) and titered using a BCA (bicinchoninic acid) Protein Assay kit (Thermo Scientific).
Generation of WT pseudoviruses and their mutants
WT pseudoviruses from all the strains of H5N1 (clades 0 -9) in this study were generated as reported previously (22, 25) . Pseudoviruses bearing single mutations were constructed by site-directed mutagenesis on the basis of clade 2.3.4 H5N1 strain (A/Anhui/1/2005), whereas pseudoviruses with multiple mutations were constructed in the context of clade 7.1 H5N1 strain (A/chicken/Vietnam/NCVD-016/ 2008). Site-directed mutagenesis was performed according to the QuikChange II Site-Directed Mutagenesis kit manual Table 3 The residue conservation of the VS1 within H5N1 subtype A vulnerable site on the hemagglutinin of H5N1 (Stratagene, catalog number 200523) . All the HA genes used in this study were codon-optimized to increase the production of pseudoviruses.
Pseudovirus-based neutralization assay
Pseudovirus-based neutralization assays were carried out as described previously (22, 25) . Each antibody was serially 3-fold diluted and incubated with pseudovirus at 37°C for 1 h. Then 5 ϫ 10 3 -10 4 Madin-Darby canine kidney cells were added to each well containing antibody and virus mixture. After 48 h, the relative luciferase activity was measured using the BrightGlo luciferase assay (Promega). Titration curves were generated, and inhibitory concentration (IC 50 ) values were calculated using sigmoid dose response of nonlinear fit from Prism.
Production of WT and mutant globular head, Fab, and complexes
The H5 globular head domain (Asn-55-Glu-271) of the A/HongKong/156/1997 HA and the globular head domain (Asp-55-Glu-271) of the A/Anhui/1/2005 HA were expressed in insect Spodoptera frugiperda (Sf9) cells via the Bac-to-Bac baculovirus expression system (Invitrogen). The DNA fragments encoding the globular head domain were inserted into the expression vector pFastBac-Dual (Invitrogen) with an Table 4 Summary of reported neutralizing antibodies of H5N1, H1N1 and H3N2 that target the VS1 or the position corresponding to VS1 Figure 6 . Different angles approaching the HA trimer of four VS1-specific antibodies. The complex structures of antibodies FLD194 (PDB code 5A3I), 65C6 (PDB code 5DUM), AVFluIgG01, and 3C11 are superimposed onto the A/Anhui/1/2005 HA trimer (PDB Code 4KWM) from the top view. HA1 is colored in green on one of three monomers and is in the same orientation in all panels. The RBS of the neighboring monomer is circled by a red dashed line. The Fabs of FLD194, 65C6, AVFluIgG01, and 3C11 are colored in purple, yellow, cyan, and pink, respectively. The long axes of the four Fabs are shown as red cylinders. The approaching angles of the antibodies are defined by the angle between the long axes of 65C6, AVFluIgG01, and 3C11 (red solid line) and the long axis of FLD194 (red dashed line), respectively.
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N-terminal gp67 signal peptide for secretion and a C-terminal His 6 tag to facilitate purification. The recombinant bacmid extracted from DH10Bac competent cells was transfected into Sf9 cells using Cellfectin II reagent (Invitrogen). The baculoviruses were acquired in cell supernatant after 7 days. The hightiter viruses were harvested after amplification and used to infect Sf9 cells at a density of 2 ϫ 10 6 /ml. After 48 -72 h in culture, the cell supernatant containing secreted globular head was concentrated and exchanged to HBS buffer (10 mM HEPES, pH 7.2, 150 mM NaCl). The globular head was purified by affinity chromatography using nickel beads and then gel-filtration chromatography using a Superdex 200 10/300 column (GE Healthcare). Mutant globular heads bearing S126bY, K165A, K165D, R166A, R166E, S167N, Y168A, N169A, T171A, and N172A mutations were also expressed and purified as mentioned above. The purified 3C11 and AVFluIgG01 IgGs were digested by papain (Sigma-Aldrich, P3125) at 37°C for 12 h. After loading onto protein A beads, the Fab fragment flowed through, and the Fc fragment was captured by the protein A beads. Then the Fab fragment was purified by gel-filtration chromatography (Superdex 200 10/300 column, GE Healthcare). Finally, the purified globular head and Fab were mixed at a molar ratio of 1:1, incubated on ice for 1 h, and then purified by gel-filtration chromatography on a Superdex 200 10/300 column (GE Healthcare) again.
Crystallization and data collection
The globular head-3C11 Fab complex was concentrated to 21 mg/ml for crystallization. Crystals were grown at 18°C by vapor diffusion in sitting drops, which consisted of a mixture of equal volumes of protein solution and reservoir solution. The reservoir solution contained 2.0 M (NH 4 ) 2 SO 4 , 0.1 M phosphate-citrate, pH 4.2. The globular head-AVFluIgG01 Fab complex was concentrated to 20 mg/ml for crystallization. Crystals were grown at 18°C by vapor diffusion in sitting drops, which consisted of a mixture of equal volumes of protein solution and reservoir solution. The reservoir solution contained 25% (w/v) PEG 1500. All crystals for data collection were cryoprotected in reservoir solution plus 20% (v/v) glycerol and then quickly frozen in liquid nitrogen. Diffraction data were collected on the BL17U beamline at the Shanghai Synchrotron Research Facility (SSRF) (38) and indexed, integrated, and scaled with the software HKL2000 (39) . All data collection and processing statistics are listed in Table 1 .
Structural determination and refinement
The structures of complexes were determined by the molecular replacement method with the program PHASER in the CCP4 suite (40) . The searching models were HA globular head of A/Anhui/1/2005 strain (PDB code 5DUT) and the variable and constant domains of heavy and light chains available in the Protein Data Bank with the highest sequence identities. Structural refinement was performed by iterative refinement with the program PHENIX and model building with the program Coot (41, 42) . Structural validation was performed with the program MolProbity (43) . All structural figures were generated with PyMOL (44). All refinement statistics are listed in Table 1 .
The atomic coordinates and structure factors (codes 6IUV and 6IUT) have been deposited in the Protein Data Bank.
Binding kinetics measurement using biolayer interferometry
Binding kinetics of 3C11, AVFluIgG01, and 65C6 to the WT and mutant globular head was measured by biolayer interferometry assay using an Octet Red96 instrument (FortéBio, Inc.). Antibodies at 10 -20 g/ml in kinetics buffer (10 mM HEPES, pH 7.2, 150 mM NaCl, 0.01% Tween 20) were loaded on protein A sensors and then incubated with serially diluted globular head in the same kinetics buffer. All the procedures were carried out with agitation set to 1000 rpm at room temperature (25°C). The assays included six steps: 1) baseline (60 s), 2) antibody loading on protein A sensors for 120 -200 s to reach a threshold of 1 or 3 nm, 3) second baseline (120 s), 4) association of the serially diluted globular head for measuring k on (60 -300 s), 5) dissociation of the serially diluted globular head for measuring k off (60 -300 s), and 6) sensor regeneration and neutralization. The protein A sensors were regenerated in buffer (10 mM glycine, pH 1.7) for 5 s and then neutralized in kinetics buffer for 5 s. This step was repeated three times. Data processing and analysis were carried out using Octet analysis software, version 9.0. Experimental curves were fitted using a 1:1 binding model. All sensorgrams used for fitting k on and k off and steady-state analysis curves are reported in Fig. S1 .
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